The population-genetic processes leading to the genetic degeneration of non-recombining regions have mainly been studied in animal and plant sex chromosomes. Here, we report population genetic analysis of the processes in the non-recombining mating-type-specific regions of the smut fungus Microbotryum violaceum. M. violaceum has A1 and A2 mating types, determined by mating-type-specific 'sex chromosomes' that contain 1-2 Mb long non-recombining regions. If genetic degeneration were occurring, then one would expect reduced DNA polymorphism in the non-recombining regions of this fungus. The analysis of DNA diversity among 19 M. violaceum strains, collected across Europe from Silene latifolia flowers, revealed that (i) DNA polymorphism is relatively low in all 20 studied loci (pB0.15%), (ii) it is not significantly different between the two mating-type-specific chromosomes nor between the non-recombining and recombining regions, (iii) there is substantial population structure in M. violaceum populations, which resembles that of its host species, S. latifolia, and (iv) there is significant linkage disequilibrium, suggesting that widespread selfing in this species results in a reduction of the effective recombination rate across the genome. We hypothesise that selfing-related reduction of recombination across the M. violaceum genome negates the difference in the level of DNA polymorphism between the recombining and non-recombining regions, and may possibly lead to similar levels of genetic degeneration in the mating-type-specific regions of the non-recombining 'sex chromosomes' and elsewhere in the genome.
Introduction
Recombination is a major determinant in genome evolution (Gaut et al., 2007; Larracuente et al., 2008) . Regions that lack recombination tend to lose functional genes and accumulate junk DNA because the evolutionary fates of mutations in non-recombining regions are not independent and natural selection cannot effectively eliminate deleterious and fix advantageous mutations (Hill and Robertson, 1966; Felsenstein, 1974) . The best studied cases of such genetic degeneration include animal and plant sex chromosomes (Charlesworth and Charlesworth, 2005) . Despite their independent evolution in different groups of animals and plants (Bull, 1983) , sex chromosomes have similar properties: recombination is restricted between the X and Y chromosomes, and the male-specific non-recombining Y chromosome exhibits genetic degeneration-the loss of functional genes and accumulation of repetitive DNA. Similar processes are expected to occur in other nonrecombining regions, such as plant self-incompatibility loci and fungal mating-type loci. Indeed, it has been suggested that mating-type-determining regions of fungi, such as Cryptococcus neoformans (Lengeler et al., 2002) , Neurospora tetrasperma (Menkis et al., 2008) and Microbotryum violaceum (Hood, 2002; Votintseva and Filatov, 2009) , represent fungal 'sex chromosomes'. However, at present there is no solid evidence for genetic degeneration in fungal mating-type-determining regions. For example, the mating-type locus of the fungal pathogen Cryptococcus neoformans contains B20 genes in about 100 kb of non-recombining DNA and does not show any obvious signs of genetic degeneration (Lengeler et al., 2002; Fraser et al., 2004) . Here, we focus on the analysis of population-genetic processes dominating evolution in the non-recombining mating-type-specific regions of the smut fungus M. violaceum.
Microbotryum is a basidiomycete that causes anthersmut disease in many species in the plant family Caryophyllaceae. Until recently, the same species name, M. violaceum, has been used for strains parasitising different host species. However, multiple sources of evidence (sequence divergence, teliospore colour, crossmating experiments) support the view that strains on different hosts represent separate species (Le Gac et al., 2007; De Vienne et al., 2009) . The systematics of the genus is being revised to assign species names to strains with different host specificities. In particular, the Microbotryum strains from Silene latifolia analysed below are now called Microbotryum lychnidis-dioicae, but the classification is not yet settled (Denchev et al., 2009) , and so here, we will use the traditional species complex name M. violaceum to refer to strains collected from S. latifolia. For strains collected from other host species, we will specify the species name of the host plant.
The life cycle of M. violaceum has been reviewed recently (Giraud et al., 2008) . Dispersal of the fungus occurs via teliospores that form in the anthers of infected plants and are spread by pollinators. Interestingly, in female plants of dioecious Silene, the smut can cause masculinisation of the phenotype and the formation of anther-like structures (Ruddat et al.., 1991) . Teliospores undergo meiosis on the host plant, and the resulting haploid cells bud off sporidia that eventually conjugate to form infectious dikaryons. Dikaryotic hyphae biotrophically proliferate through host plant tissues. The fungus has a bipolar heterothallic breeding system, and conjugation occurs only between sporidia of opposite mating types. The two mating types, A1 and A2, are determined by a mating-type-specific region, which is similar to the Y chromosomes of animals and plants, as recombination is suppressed in a large region around the mating-type-determining genes (Hood, 2002; Votintseva and Filatov, 2009) .
The A1 and A2 mating-type-specific chromosomes of M. violaceum are distinguishable by size in pulse-gel electrophoresis (Hood, 2002) , and multiple fragments from the A1, A2 and other chromosomes have been isolated . The analysis of these fragments suggested a lower gene density on the mating-type-specific chromosomes, compared with the rest of the genome in this species . However, a lower gene density may be due to the addition of junk DNA to the mating-type-specific chromosomes rather than the loss of functional genes. Recent segregation analysis of the mating-type specificity of 86 fragments isolated from the A1 and A2 chromosomes revealed that only about a quarter are located in the non-recombining mating-type-specific regions, whereas the rest mapped to recombining regions and are not expected to undergo genetic degeneration because of a lack of recombination (Votintseva and Filatov, 2009) . Based on this analysis, the size of the nonrecombining regions was estimated to be about 1 Mb long on each of the mating-type-specific chromosomes; however, this estimate is very approximate. Thus, it remains unclear whether or not the non-recombining mating-type-specific chromosomes in M. violaceum are undergoing genetic degeneration via gene loss, as is typical for Y chromosomes in animals and plants.
Comparisons of DNA polymorphism in recombining and non-recombining regions provide a way to test whether the population-genetic processes causing genetic degeneration are acting in the region of interest. The complete linkage of genes in non-recombining regions, such as Y chromosomes, makes the evolutionary fates of mutations in such regions non-independent, which leads to genetic hitchhiking (the fixation of deleterious mutations due to linkage to favourable mutations spreading in the population, (Maynard Smith and Haigh, 1974; Rice, 1987) ) and background selection (selection against deleterious mutations at linked genes, resulting in a reduced effective population size and stochastic accumulation of mildly deleterious mutations, (Charlesworth et al., 1993 (Charlesworth et al., , 1995 ). These processes reduce the effective population size and lead to the accumulation of deleterious mutations and a gradual genetic degeneration.
Indeed, multiple studies have reported reduced genetic diversity on Y chromosomes, compared with the X-linked or autosomal genes, in animal and plant species (Filatov et al., 2000; Yi and Charlesworth, 2000) .
Another factor affecting genetic diversity throughout M. violaceum genome is its tendency to mate between the products of the same meiosis . This leads to high degree of selfing, which is expected to reduce diversity throughout the genome. Indeed, the analysis of microsatellite diversity revealed high homozygosity (Bucheli et al., 2001; Giraud, 2004; Granberg et al., 2008) . However, DNA diversity in M. violaceum populations has not been studied. Here, we analyse DNA polymorphism in a set of mating-typespecific loci in M. violaceum and compare it with DNA polymorphism in loci not linked to the mating-type locus. If non-recombining mating-type-specific regions do undergo genetic degeneration in M. violaceum, similar to the Y chromosomes of diploid species, then loci in these regions are expected to have reduced genetic diversity compared with non-mating-type-specific loci; however, it is not clear whether the reduction of DNA diversity in the non-recombining regions is detectable if the overall DNA diversity is reduced because of selfing.
Materials and methods

Samples
The samples of M. violaceum used in this study were collected across Europe and are listed in Table 1 . Teliospores were collected from flowers of S. latifolia plants, and cultures were grown in petri dishes on 3.6% potato dextrose agar medium. DNA was extracted from these mixed mating-type cultures using Invitrogen Charge Switch magnetic beads-based DNA extraction , see below. We also attempted to obtain more divergent outgroup sequences from M. violaceum strains collected from S. vulgaris, S. nutans and Lychnis flos-cuculi. Total nucleotide divergence between these outgroups and the sequences from M. violaceum strains collected from S. latifolia exceeded 5%, and in some cases, we could not amplify the loci from these more diverged strains. Using these more diverged sequences changes neither the outcome of the HKA test nor the conclusions of the work; hence, throughout the paper, we use M. violaceum from S. dioica as an outgroup, as it is available for all loci in this study.
Loci
Using pulse-gel electrophoresis, isolated and sequenced random fragments from the A1, A2 and other chromosomes of M. violaceum. In an earlier study, we demonstrated that only a fraction of loci isolated from the A1 and A2 chromosomes are linked to mating type, whereas the rest are located in recombining regions and are not mating-type-specific (Votintseva and Filatov, 2009) . In this study, we use seven loci that are located in the non-recombining region specific to the A1 mating type and five loci specific to the A2 mating type. We also used eight non-mating-type-specific loci from recombining regions (Table 2) for comparisons with the loci in the non-recombining regions. Two of the matingtype-specific loci corresponded to pheromone receptor genes from the A1 and A2 chromosomes (Yockteng et al., 2007) , whereas the rest of the recombining and nonrecombining loci were anonymous fragments originally isolated by .
DNA sequencing PCR primers for amplification and sequencing are listed in Table 2 . PCR amplification was conducted using Bioline BioMixRed PCR kits (BioLine inc., Taunton, MA, USA). The PCR fragments were checked by standard agarose gel electrophoresis and purified using Qiagen PCR purification or Gel extraction kits (Qiagen Ltd, Crawley, UK). Direct DNA sequencing of PCR-amplified fragments was conducted using ABI BigDye v3.1 on an ABI 3730 automated DNA sequencer (Applied Biosystems, Foster City, CA, USA). Sequence chromatograms were corrected, and contigs were assembled and checked using ProSeq3 (Filatov, 2009 ). The sequences were submitted to GenBank under accession numbers HM176794-HM177244. Direct sequencing of PCR products from mating-typespecific loci generates haploid data, whereas sequencing of the non-mating-type-specific loci generates diploid unphased sequences. Visual inspection of the sequencing chromatograms revealed that only two loci in two individuals were heterozygous for several nucleotide polymorphisms, whereas the rest were completely homozygous, which simplified the reconstruction of haplotypes for non-mating-type-specific loci. Haplotypes for these sequences were reconstructed using fastPhase (Scheet and Stephens, 2006) . Alignments of the resulting sequences were loaded into a ProSeq3 database, allowing sequences to be linked to the individuals from which they were obtained. Such linking makes the handling and analysis of multigenic DNA polymorphism data sets more convenient (Filatov, 
DNA polymorphism analyses
Neighbour-joining trees for concatenated non-recombining regions ( Figure 1 ) were reconstructed with MEGA4 (Tamura et al., 2007) . The basic descriptive statistics of DNA polymorphism, average number of differences pernucleotide, p (Tajima, 1983 ), Watterson's y (Watterson, 1975 ) and Tajima's D (Tajima, 1989) were calculated using ProSeq3 (Filatov, 2009) . The HKA test was conducted using Jody Hey's HKA programme (http://genfaculty.rutgers.edu/hey/software) on concatenations of all A1-linked, A2-linked and loci unlinked to mating type. Linkage disequilibrium was measured using the D 0 statistic (Lewontin, 1964) and its significance was assessed with w 2 , as implemented in DnaSP5 (Librado and Rozas, 2009 ). The multilocus LD statistic ZnS (Kelly, 1997) was calculated using ProSeq3. The minimum number of recombination events, R min (Hudson and Kaplan, 1985) and the population recombination rate, R (Hudson, 1987) were estimated using DnaSP5. Bayesian clustering analysis of recombining loci was conducted with Structure2 software (Pritchard et al., 2000) .
The power analysis to detect reduction of DNA polymorphism in the non-recombining regions, compared with recombining loci was conducted using coalescent simulations (Hudson, 2002) in two-deme model with no migration. In the simulation, one sequence corresponding to the outgroup was sampled from one deme, whereas the samples corresponding to the number of individuals sequenced from M. violaceum from S. latifolia plants were sampled from the other deme. The simulation parameters were adjusted to fit the observed level of polymorphism and divergence from the outgroup. While simulating non-recombining loci, we reduced polymorphism 4-and 10-fold (2-and 5-fold after adjustment for 2-fold ploidy difference), compared with recombining loci, whereas keeping divergence from the outgroup unchanged. The simulated 10 000 data sets were run through J Hey's HKA programme using Perl script and the significance of rejecting neutrality was recorded.
Results and discussion
DNA polymorphism
To estimate DNA polymorphism in the non-recombining mating-type-specific regions, we sequenced seven A1-specific and five A2-specific loci in 19 M. violaceum strains collected from S. latifolia populations across Europe (Tables 1 and 2 ). The absence of recombination in these loci was checked in a previously described genetic cross (Votintseva and Filatov, 2009) . To compare the diversity in recombining and non-recombining regions, we also sequenced eight non-sex-specific loci in the same sample of 19 M. violaceum strains. Three of these loci were originally isolated by from chromosomes other than the A1 and A2, and five of the non-mating-type-specific loci come from fragments originally isolated from the A1 or A2 pulse-gel bands ; however, they amplify from both mating types, and there is no divergence between the sequences of the fragments amplified from the A1 and A2 cultures (Votintseva and Filatov, 2009) . We refer to all these fragments as 'recombining loci'.
The same regions were also sequenced from two outgroup samples of M. violaceum that parasitise S. dioica. DNA divergence between the strains parasitising S. latifolia and S. dioica was much higher than the polymorphism between the strains from S. latifolia (Figure 1) . This supports the view that M. violaceum strains living on different Silene species are in fact separate species (Le Gac et al., 2007) and that the M. violaceum samples collected from S. latifolia belong to the same biological species, whereas M. violaceum from different host species (for example, S. dioica) belong to different species.
The total alignment length was 14 044 bp, with 4896 bp in the concatenated A1-linked loci, 3150 bp in the A2-linked loci and 5998bp in the non-mating-type-specific loci. The analysis of these alignments identified 23, 16 and 53 single-nucleotide polymorphisms between M. violaceum strains for the A1-, A2-and non-matingtype-specific loci, respectively (Table 3) . As most loci analysed in this paper originated as random fragments isolated from mating-type-specific chromosomes, no information with regard to coding regions is available; thus, we do not distinguish between silent and non-silent sites, and report DNA polymorphism and divergence for all sites only. Average heterozygosity (p) per 100 sites in the A1-and A2-linked non-recombining regions was relatively low, 0.11 and 0.20%, respectively. Polymorphism in the recombining regions was similar, 0.22%, providing no evidence that the lack of recombination in the mating-type-specific regions has led to a reduction in DNA polymorphism in M. violaceum (Table 3) . Indeed, an HKA test that takes into account the twice lower ploidy for mating-type-specific loci as well as possible differences in mutation rates did not reject the null hypothesis (P ¼ 0.887) that the differences in DNA polymorphism between the compared loci are due to chance. Coalescent simulations (see methods) demonstrate that with our data set we have 48 and 73% power to reject neutrality with two-and five-fold (after adjusting for ploidy difference) reduction of polymorphism in the nonrecombining region. Thus, the non-significant HKA for our data set suggests that if there is any reduction of DNA diversity in the non-recombining region of M. violaceum genome, such reduction is very modest.
A recurrent statement in fungal literature is that genetic diversity around the mating-type loci is expected to be higher than elsewhere in the genome (Glass et al., 1988; Zambino et al., 1997; James et al., 2004) . This is only the case if the divergence between the mating-type-specific alleles is included in the estimate of polymorphism.
As mating-type-specific regions do not recombine, they gradually diverge from each other, which inflates overall genetic diversity in the region. A similar effect can be seen around self-incompatibility loci in plants and close to any locus under balancing selection (Uyenoyama, 2005; Charlesworth, 2006) . However, this inflation of genetic diversity occurs only between the alleles and does not affect diversity within the allelic classes. In the case of M. violaceum, there are two allelic classes in the mating-type-specific region, A1-and A2-specific alleles. If one includes both A1-and A2-specific alleles in the calculation of genetic diversity, it will be elevated around the mating-type locus (because A1 and A2 are diverged from each other), compared with the rest of the genome. On the other hand, taking into account only A1-or only A2-specific alleles, as was the case in our calculation of DNA diversity in Microbotryum, genetic diversity is expected to be the same as elsewhere in the genome or even reduced because of background selection and selective sweeps in the non-recombining region.
Population structure Similar levels of DNA polymorphism in the recombining and non-recombining loci may perhaps be because of population structure, inflating intraspecific DNA polymorphism in the non-recombining regions due to divergence between populations (Charlesworth et al., 1997; Pannell and Charlesworth, 2000) . It is evident from Figure 1 that geographically close samples cluster together in the gene trees, suggesting that the phylogenies based on A1-and A2-linked loci reflect geographic structuring of M. violaceum populations. However, these phylogenies are based on the non-recombining loci from the mating-type-linked loci, and the recombining loci may not reveal the same geographic structure. We used Bayesian clustering of samples as implemented in the software Structure2 (Pritchard et al., 2000) to analyse the signal of population structure present in the recombining loci. The posterior probability of the data, LnP(D), given the number of clusters (K), which is often used as a criterion of the true number of clusters in the data, was highest at K ¼ 7, but did not form a clear peak (Figure 2a) . Instead it plateaus after reaching K ¼ 7, and the variance between the runs starts increasing. However, if we use the DK criterion (Evanno et al., 2005) , the most likely number of clusters is either 2 or 4, as DK forms two clear peaks (Figure 2b) . The cluster memberships identified by Structure2 at K ¼ 2, 4 and 7 are shown in Figure 3 . With K ¼ 2, one cluster is composed of Northern and Eastern European samples, whereas the other includes all other samples collected across Southern and Western Europe. Surprisingly, one of the Iberian samples, sample 920, from Valencia appears closer to the Eastern European samples, whereas the other Iberian sample (796 from Galicia) is closer to the Western samples. With K ¼ 4, the East/West subdivision remains (groups 3/1 þ 2), but the two Iberian samples fall into a cluster of their own (group 4) and the Sardinian and Swiss samples (group 1) split up from the rest of the Western European cluster (group 2). With seven clusters, the picture is more complicated and difficult to interpret (Figure 3c ). Given that there is no support for K ¼ 7 using DK and K ¼ 2 has much lower posterior probability of the Per-nucleotide population recombination rate (Hudson, 1987) . i Minimal number of recombination events (Hudson and Kaplan, 1985) .
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To test whether the population structure affects the comparisons of DNA polymorphism between the recombining and non-recombining regions of the M. violaceum genome, we compared the diversity in these regions within the groups identified by Structure analysis. As the clustering of the samples was done with recombining loci only, this approach could underestimate the DNA polymorphism in the recombining regions, and thus the comparison between recombining and non-recombining regions is conservative, if used to test whether the non-recombining regions lack DNA polymorphism compared with recombining regions. This intra-population analysis revealed that the nonrecombining A1-and A2-linked loci contain less polymorphism than the recombining loci (Figure 4) . However, once the two-fold difference in ploidy between the mating-type-specific and non-mating-type-specific loci is taken into account, this difference in DNA polymorphism is not significant (HKA test, P40.05) .
In structured populations, background selection reduces the DNA polymorphism within populations, but does not reduce between population differentiation (Charlesworth et al., 1997) , leading to stronger population subdivision in non-recombining regions (for example, Ironside and Filatov, 2005) ). This could negate the difference in the overall DNA polymorphism between recombining and non-recombining regions. Local (intra-population) selective sweeps are expected to have a similar effect, whereas global sweeps (across the species range) should lead to a loss of genetic diversity and population structure preferentially in non-recombining regions. Thus, the presence of population subdivision argues against global sweeps in the nonrecombining mating-type-specific regions of M. violaceum.
DNA polymorphism and selfing
The high degree of selfing in M. violaceum (Giraud et al., 2005) is another factor that may affect the overall level of DNA polymorphism across the genome of this species. In accordance with published microsatellite-based results (Bucheli et al., 2001; Giraud, 2004 ; Granberg et al., 2008), we observed a very low proportion of heterozygotes in our sequence data in M. violaceum: only two out of the nineteen individuals in our study had any heterozygous sites in any of the non-mating-type-linked loci studied. A high degree of selfing inflates homozygosity, which leads to a low effective recombination rate in the recombining regions and reduces the difference between the recombining and non-recombining regions. Although for most loci in the recombining regions in our data set, the minimum number of recombination events (Hudson and Kaplan, 1985) is greater than zero, the overall effective recombination rate is still low (Table 3 ). There is significant linkage disequilibrium (LD) within as well as between most loci in the data set ( Figure 5 ), suggesting that LD in M. violaceum genome extends for megabases, which is similar to LD in Caenorhabditis elegans (Rockman and Kruglyak, 2009 ), but much wider than in other studied selfers, such as Arabidopsis thaliana (Kim et al., 2007) . Genetic mapping in M. violaceum revealed crossing-over rates of 0-15% (Garber et al., 1987; Votintseva and Filatov, 2009) . Thus, substantial LD in M. violaceum genome is probably due to high degree of homozygosity in this selfing species rather than to lack of crossing over.
Although selfing reduces the effective recombination rate (via increased homozygosity), LD is still at least Figure 4 Per-nucleotide DNA polymorphism (p) in recombining (Rec) and non-recombining (A1 and A2) regions of the M. violaceum genome for the entire sample (three leftmost data points) and for three sub-populations (groups 1-3, as defined in Figure 3b twice as high in the non-recombining A1-and A2-linked loci as in the recombining regions when measured by the ZnS statistic (Kelly, 1997) ; see Table 3 . Thus, nonrecombining regions might be more prone to various forms of hitchhiking, compared with the rest of the genome despite the selfing-related lack of recombination in the recombining regions. However, the extent to which a region is affected by hitchhiking is proportional not only to LD but also to the number of functional genes and other targets of selection that are linked together. Although LD is higher in non-recombining regions, these regions are relatively small-about 1Mb (Votintseva and Filatov, 2009 )-and may not contain many genes. On the other hand, although LD in recombining regions of M. violaceum is lower than in A1-and A2-linked loci, the number of genes 'linked' together by LD is large, as LD extends over the most of the genome. Thus, the genes in the non-recombining regions may not be much affected by genetic hitchhiking (background selection and sweeps) than genes elsewhere in the genome.
Conclusion
Our comparison of DNA polymorphism in recombining and non-recombining mating-type-specific regions of M. violaceum revealed relatively low polymorphism in all loci and no evidence for a significant reduction of polymorphism in non-recombining regions. We also observed significant population structuring and a high level of homozygosity in our data set, as expected in a predominantly selfing species. We conclude that the selfing-related reduction of recombination across the M. violaceum genome negates the difference in the level of DNA polymorphism between the recombining and non-recombining regions. This conclusion is supported by extensive LD. Thus, genetic degeneration due to a lack of recombination in M. violaceum may not be restricted to non-recombining regions of its 'sex chromosomes', and genes in this species might undergo similar genetic degeneration in the mating-type-specific regions and elsewhere in the genome. It will be possible to test this hypothesis as soon as the sequence of the M. violaceum genome will become available.
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